Abstract: It is unknown how the degree of mineralization of bone in individual trabecular elements is related to the corresponding mechanical properties at the bone tissue level. Understanding this relationship is important for the comprehension of the mechanical behavior of bone at both the apparent and tissue level. The purpose of the present study was, therefore, to determine the tissue stiffness and degree of mineralization of the trabecular bone tissue and to establish a relationship between these two variables. A second goal was to assess the change in this relation during development. Mandibular condylar specimens of four fetal and four newborn pigs were used. The tissue stiffness was measured using nanoindentation. A pair of indents was made in the cores of 15 trabecular elements per specimen. Subsequently, the degree of mineralization of these locations was determined from microcomputed tomography. The mean tissue stiffness was 11.2 GPa (60.5 GPa) in the fetal group and 12.0 GPa (60.8 GPa) in the newborn group, which was not significantly different. The degree of mineralization of the fetal trabecular cores was 744 mg/ cm 3 (628 mg/cm 3 ). The one in the newborn bone measured 719 mg/cm 3 (634 mg/cm 3 ). Again, the difference was statistically insignificant. A significant relationship between tissue stiffness and degree of mineralization was obtained for fetal (R ¼ 0.42, p < 0.001) and newborn (R ¼ 0.72, p < 0.001) groups. It was concluded that woven bone tissue in fetal and newborn trabecular cores resembles adult trabecular bone in terms of tissue properties and is strongly correlated with degree of mineralization.
INTRODUCTION
Adult bone material contains predominantly lamellar bone. The fetal skeleton, however, is formed by woven bone which has a rapid rate of deposition. Woven and lamellar bones differ with regard to their formation, composition, organization, and mechanical properties. 1 The irregular collagen-fibril orientation and irregular pattern of mineralization of woven bone makes it more flexible and more easily deformable than, but mechanically inferior to lamellar bone, despite a higher degree of mineralization. 2 Because of the rapid rate of deposition, fetal bone makes a good model by which to study the mineralization as large changes and intratrabecular variation may be expected to occur.
It has been previously shown that, besides changes in architecture, the average degree of mineralization of presumptive trabecular bone of the pig mandibular condyle increases during development. 3 The relationship between the degree of mineralization in individual trabecular elements and the mechanical properties at the tissue level has not been established unambiguously yet. Understanding this relationship is important for the comprehension of the mechanical behavior of bone at both the tissue and apparent level. [4] [5] [6] [7] [8] Furthermore, quantification of bone tissue properties is a prerequisite for the characterization of the mechanical environment in which bone cells reside. 9 One way of measuring the tissue mechanical properties is nanoindentation. 10 Over the past 10 years, nanoindentation has been used frequently to assess the intrinsic mechanical properties of bone tissue. These mechanical properties were found to vary greatly between different species, 11 individuals, 12 anatomical locations, 13, 14 bone structural units, [15] [16] [17] [18] [19] and direction of testing (longitudinally vs. trans- verse). [15] [16] [17] 20, 21 In mature humans, the mechanical properties of bone tissue appeared not to change with age. 12, 22 However, it was found that newly formed bony lamellae in human fetal femurs, deposited during early development on the periosteal surface, have a lower tissue stiffness than bone lamellae already present. 23 Furthermore, it was established that tissue stiffness increases with fetal age. However, such measurements were not performed on trabecular elements. Neither were they related to other properties like degree of mineralization on a trabecular level. It is known that the mechanical properties of bone tissue are strongly dependent on the amount of mineral present. As more and more mineral displaces water, the bone becomes stiffer. 2 The general approach to ''explaining'' the mechanical properties of bone is to relate statistically the mechanical behavior to other features of the bone, such as its mineral content. With this phenomenological approach, one can explain mechanical properties in terms of other variables and use such relationships for prediction. 24 The goal of this study was to determine the tissue stiffness and degree of mineralization of the trabecular bone tissue and to establish a relationship between these two variables. A second goal was to assess the change in this relation during development. To pursue these goals, mandibular condyles of pigs of two different developmental ages were investigated. The mandibular condyle is known to exhibit a rapid formation of trabeculae and is formed early on in development. Thus, the condyle provides a good volume of investigable trabecular bone during prenatal development. The tissue stiffness was assessed using nanoindentation, whereas the degree of mineralization of the corresponding location was determined using microcomputed tomography (microCT). MicroCT was previously deemed accurate in the determination of prenatal levels of degree of mineralization. 25 In case of higher levels of mineralization, the uncertainty increases proportionally.
MATERIALS AND METHODS

Specimen preparation
The trabecular bone in the left mandibular condyles of eight pigs (standard Dutch commercial hybrid race) was examined. The pigs were divided into two groups; there were four fetal ones (estimated age: 70 days of gestation, mean weight: 375 g) and four newborns (approximately 112-115 days post conception, mean weight: 1351 g). The fetuses were obtained from slaughtered sows in a commercial slaughterhouse and their age was estimated from the mean weight of the litter using growth curves. 26 The newborn specimens were acquired from the experimental farm of the Faculty of Veterinary Medicine in Utrecht, the Netherlands, and were euthanised by an intravenous overdose of ketamine (Narcetan) after premedication. The specimens were obtained from other experiments that were approved by the Committee for Animal Experimentation of the Faculty of Veterinary Medicine, Utrecht, the Netherlands. They were stored at À208C prior to assessment.
The mandibles were prepared by dissection from the heads and cut in half at the symphyseal region. In the fetal group, the ramus along with the coronoid and condylar process was isolated from the rest of the left hemi-mandible. In the newborn group only the top part of the ramus including coronoid and condylar process was isolated.
All specimens were dehydrated in graded ethanol solutions (70-100%) and embedded in polymethylmethacrylate (PMMA) (Merck, Darmstadt, Germany) with the lateral side facing down. The embedded bones were sectioned using a microtome (Leica, Nussloch, Germany) in the sagittal plane approximately halfway between the medial and lateral condylar pole, exposing the trabecular microstructure at the surface. The exposed surface was ground with successively finer grades of abrasive paper (grit size: 400, 600, and 1200) under deionized water and polished on microcloth with aluminum polishing solution (0.05 lm particle size) (Buehler, Lake Bluff, IL).
A coordinate system was created on the polished surface in order to be able to retrace the locations of individual indents in microCT scans, as the indentations themselves were too small to be detected in microCT reconstructions (see below). Crosshairs (approximate width 10 lm) were etched on the polished surface of the specimens [ Fig. 1(B) ]. Near the end of the lines, just within the confines of the sample as well as on the crossing, small holes (diameter approximately 20 lm) were drilled that were filled with an aluminum oxide powder and sealed with wax. The crosshairs and filled holes were detectable under the nanoindentation optical microscope, whereas in microCT reconstructions only the latter were perceptible clearly. Coordinates were attributed to the approximate center of the holes under the optical microscope. The coordinates of all indents were established relative to the same coordinate system and, therefore, the position of an indent relative to the holes could be determined. This enabled the determination of the exact positions of the indents in trabecular tissue as reconstructed with microCT.
Nanoindentation
Load-control nanoindentation tests (Nano Indenter XP, MTS Systems, Oak Ridge, TN) were performed on the embedded specimens using a Berkovich diamond indenter.
The tests were performed in a vibration isolation cabinet at room temperature and stable humidity to ensure that the influence from thermal drift was minimal. On the basis of optical microscope observations, trabecular elements were identified in the anterior part of the mandibular condyle as this region contains abundant trabeculae of considerable thickness. 3 Trabecular elements with the same width were selected (110 lm). Subsequently, two indents were performed halfway across the width of each of the selected trabeculae and the coordinates of the indents were registered (Fig. 1) . The distance between the two consecutive indents was 15 lm. In total, 15 trabecular elements were tested per condylar specimen leading to a total of 240 indents (8 specimens 3 15 trabecular elements per specimen 3 2 indents per trabecular element). Using an optical microscope a cross-sectional view of the bone tissue in the mandibular condyle was obtained, from which the presence of lamellar bone could be excluded. Therefore, it was assumed that the examined trabeculae consisted of immature woven bone.
The load protocol (similar to Ref. 27) comprised two conditioning steps before maximal load was applied [ Fig.  2(A) ]. In the first conditioning step a 2 mN load was performed in 100 s and was followed by a 50 s holding period. Thereafter, unloading to 10% of the load was performed in 100 s followed by a second conditioning step to a load of 4 mN. In the following the peak load of 8 mN Figure 1 . Sample preparation. A: Three-dimensional reconstruction of a newborn pig mandible. B: Graphical representation of an embedded newborn specimen, which was cut sagittally through the condyle, revealing the trabecular structure envisioned here with a microCT reconstruction. Note the vertical and horizontal crosshairs and the holes (dots), which acted as a coordinate system. C: Left, magnified portion of B, visualizing the trabecular structure and the distribution of mineralization in the cutting plane in the front. Middle: Magnified portion from the left image. Degree and distribution of mineralization depicted with color scale (increasing degree of mineralization from blue to red). Dashed rectangles: regions, containing location of indents, in which mean degree of mineralization was determined (see also magnification below that). Right: Optical microscope image of the same trabecular element as in middle image. The locations of indentation (triangles) are depicted. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.] Figure 2 . A: Nanoindentation protocol. The protocol comprised a loading step in 100 s-2 mN followed by a 50 s holding period. After the holding period, unloading to 10% of the load was realized in 100 s followed by a similar procedure to a load of 4 mN and finally to the peak load of 8 mN (load rate: 80 lN/s). B: Typical load-displacement curve. The tissue stiffness was determined from the slope at the beginning of the final unloading step at maximum depth. Note that during the holding periods substantial time-dependent response is present, which points to the viscoelastic nature of the bone tissue.
(load rate: 80 lN/s) was reached. A 50 s holding period was inserted prior to final unloading (unloading rate: 80 lN/s) to reduce viscoelastic deformation to a negligible rate. 15, 27 A holding step at 10% of peak load for 100 s was used to establish the rate of thermal expansion of the indenter apparatus with which the displacement data was corrected afterwards. The indentation depths at maximum load were approximately 1 lm, which has been shown to be sufficient in relation to the surface roughness of the bone samples using similar polishing techniques. 28 From this protocol, a typical load-displacement curve was obtained [ Fig. 2(B) ] and the Oliver and Pharr method was applied to determine the elastic modulus. 29 Using the contact area A c , and the contact stiffness S, which is the slope of the initial portion of the final unloading curve, assumingly representing a purely elastic effect, the reduced modulus (E r ) of the specimen-indenter combination was determined according to:
The contact area A c was determined from the load-displacement curve according to the method described by Oliver and Pharr. 29 For this method, the tip shape of the indenter needs to be known, and this was determined using calibration measurements on fused silica. The specimen (bone) tissue modulus (E t ) follows from
where m is the Poisson's ratio and the subscripts s and i refer to the bone specimen and the indenter, respectively, and E i is the indenter's Young's modulus. The elastic properties of the Berkovich diamond indenter were: m i ¼ 0.07 and E i ¼ 1140 GPa. The Poisson's ratio of bone was assumed to be 0.3.
MicroCT
Three-dimensional reconstructions of the trabecular bone in the mandibular condyle were obtained by using a high-resolution microCT system (lCT 40; Scanco Medical, Bassersdorf, Switzerland). The embedded specimens were ground to smaller dimensions in order to be able to analyze the specimens at a high resolution, which is limited to the diameter of the specimen holders. The coordinate system, however, was kept intact. The specimens were mounted in cylindrical specimen holders (polyetherimide; 20 mm outer diameter; wall thickness, 1.5 mm) and secured with synthetic foam. The specimens were completely submerged in deionized water. The scans yielded an isotropic spatial resolution of 10 lm. A 45 kV peak-voltage X-ray beam was used, which corresponds to an effective energy of approximately 24 keV. 25 The microCT was equipped with an aluminum filter and a correction algorithm that reduced the beam hardening artifacts sufficiently to enable quantitative measurements of the degree and distribution of mineralization of developing bone. 25 The computed linear attenuation coefficient of the X-ray beam in each volume element (voxel) was stored in an attenuation map and represented by a gray value in the reconstruction. This attenuation coefficient can be considered proportional to the local degree of mineralization. 30 Using the coordinate system mentioned, individual indent locations were identified in the microCT reconstructions. In this way, the local stiffness of the bone tissue obtained by nanoindentation was compared with the local degree of mineralization. To investigate the degree of mineralization of the indented locations, the area in which an indent had been performed was defined by a three-dimensional rectangular region of approximately two by five by two voxels (20 lm 3 50 lm 3 20 lm) . The defined region contained the location of an indent (Fig. 1) . The regions did not contain the voxel layer defining the polished surface, that is, the surface on which the indents were performed. This surface cannot be visualized and quantified accurately because of partial volume effects and was, therefore, artificially removed. They contain both bone and background (embedding) tissue and the absorption values are thus severely underestimated.
To determine the average degree of mineralization in such a volume of interest in the indented trabecular elements, the following method was applied. These volumes of interest contained the cutting surface of the trabecular element in question on which indents were performed and were segmented using an adaptive threshold which was equal for every specimen. The segmentation was visually checked. In a segmented image, every voxel with a linear attenuation value below this threshold (assumingly representing soft tissue or background) was made transparent and voxels above this threshold (representing bone) kept their original gray value. The outermost voxel layer characterized as bone, defining the cutting surface was removed as this is likely to be corrupted by partial volume effects. The degree of mineralization was quantified by comparing the attenuation coefficient with reference measurements of a phantom containing hydroxyapatite of 0, 200, 400, 600, and 800 mg/cm 3 .
Statistics
The relationship between degree of mineralization and tissue elastic modulus was assessed using power law regression in which the individual trabecular elements were treated as independent. The two tissue stiffness values per trabecular element were averaged to obtain a mean value per trabecular element. Differences between fetal and newborn specimens with regard to tissue stiffness and degree of mineralization were statistically assessed using independent-sample t-tests. A p value of 0.05 was considered statistically significant.
RESULTS
The mean tissue stiffness of developing trabecular bone of the mandibular condyle of the fetal group (n ¼ 4), expressed as the elastic modulus, was measured to be 11.2 GPa (60.5 GPa), whereas in the newborn group (n ¼ 4) this was found to be 12.0 GPa (60.8 GPa). An insignificant difference was found between the two groups. The degree of mineralization of the fetal trabecular cores was 744 mg/ cm 3 (628 mg/cm 3 ). The one in the newborn bone measured 719 mg/cm 3 (634 mg/cm 3 ). Again, the difference was statistically insignificant.
The relationship between the tissue stiffness and the degree of mineralization was analyzed for the fetal and newborn specimens separately (Fig. 3) . In the fetal group [ Fig. 3(A) ], there was a significant correlation between them (R ¼ 0.42, p < 0.001, n ¼ 60). The regression equation was: E t ¼ 0.033 3 DMB 0.88 . In the newborn group [ Fig. 3(B) ], the relation between tissue stiffness was also found to correlate significantly (R ¼ 0.72, p < 0.001, n ¼ 60). The relationship was according to: E t ¼ 0.00087 3 DMB 1.45 . Both coefficients of the regression line were significantly different between fetal and newborn (p < 0.05).
DISCUSSION
In this study the relationship between mechanical properties as measured with nanoindentation and the degree of mineralization of trabecular bone was investigated for the first time. Understanding this relationship is important for the comprehension of the mechanical behavior of bone at both the tissue and apparent level. This may, for instance, add to the development of more accurate finite element models when tissue moduli need to be incorporated.
The values for tissue stiffness found in the present study (11.2 and 12.0 GPa) are low in comparison to adult bone tissue as characterized by nanoindentation. Generally the mean values are around 20 GPa for both trabecular and cortical bone tissue (see Refs. 22 and 31) . Comparison with the literature is, however, difficult because of the large variation in indentation load rates applied. Because of the viscoelastic nature of the bone tissue, the measured tissue modulus will be higher when higher load rates are applied. 32 The rate applied in the present study (80 lN/s) is about a tenth of the load rate as applied in several other studies. 16, 17, 22 The present results are in accordance with values found for adult trabecular bone tissue of the human femur characterized using nanoindentation in which similar load rates were applied. 12, 19 Furthermore, the present results are in accordance with ones found in human fetal femurs. 23 Taking the differences in load rate into account, they also comply with those of adult trabecular bone of human vertebra, 16 ,17,22 despite a difference in tissue type (woven vs. lamellar). 2 It seems, therefore, that the elasticity of bone tissue in the cores of trabecular elements of fetal and newborn specimens is quite similar to that of adult trabecular bone in terms of tissue stiffness.
The finding that the degree of mineralization in the anterior regions of the mandibular condyle did not differ between fetal and newborn condylar specimens is in contrast to previous findings. 3, 33 This difference might be caused by the fact that in the present study for both age groups, trabecular elements of equal thickness (approximately 110 lm) were analyzed. The previous data related to all trabecular elements in a certain volume of interest, irrespective of their thickness. Older specimens contain a higher number of thicker elements, which are presumably more highly mineralized than thinner ones as the bone tissue in their cores has more time to mature. 3, 34 However, the equally-sized trabeculae used in the present study in both age groups might be made up out of bone tissue of similar age. Trabeculae grow in size by apposition of nonmineralized bone tissue along their surface, which gradually mineralizes over time. Therefore, their thickness can be assumed to be indicative for the time that the trabeculae have been exposed to the mineralization process. The same The observed relationship between degree of mineralization and tissue stiffness is in accordance with the relationship, which was constructed using a variety of species, according to logE t ¼ À8.58 þ 4.05 3 log[Ca]. 24 Envelopes representing the variation in the determined variables show considerable overlap (Fig. 4) . It thus seems that fetal and newborn trabecular bone tissue of the pig complies with bone material of other species in terms of mineralization and tissue stiffness. Furthermore, a similar relationship was found in human femoral bone from one donor. 31 However, this relationship was found on a higher scale; similar tissue stiffness as in the present study was related to higher degrees of mineralization.
Despite the general agreement, the relationship differed between fetal and newborn groups. This might be caused by systematic differences in mineral composition. It has, for example, been shown that from the fetal to newborn stage, there is an increase in ash fraction, weight percentages of calcium and phosphate, and Ca/P ratio. 33 This might in turn be related to differences in organization and stacking of minerals and differences in crystal size and perfection. Also, changes in overall tissue anisotropy could have influenced the tissue stiffness in the sagittal plane. [15] [16] [17] 20, 21 This means that for a similar regional difference in degree of mineralization between fetal and newborn specimens, the difference in tissue stiffness between the two age groups will be proportionally higher.
The results for nanoindentation in bone specimens are known to be dependent on the loading direction. Adult trabecular bone that has been subject to secondary remodeling consists mainly of lamellar bone tissue which displays a strong mechanical anisotropy. 15, 20, 21 This is reflected by the fact that indentation testing on different planes in single bone specimens revealed that the bone tissue with the highest tissue stiffness corresponded with the long bone axis. As in the present study the specimens were tested in a mediolateral direction, this dependency was disregarded. The fetal and newborn specimens investigated here supposedly consist mostly of woven bone, which has almost no directional differences in mechanical properties. 2 The almost random alignment of the collagen fibrils makes the mechanical properties of woven bone nearly isotropic under loading. 1 The collagen in woven bone is fine-fibred, 0.1 lm in diameter and oriented almost randomly, so it is difficult to make out any preferred direction over distances greater than about 50 lm 2 . If anisotropy were present then our measurements would represent a weighted average of anisotropic moduli.
A few remarks have to be made about the methods used. First, the elastic modulus of the specimen (E t ) was derived from the stiffness using Eqs. (1) and (2) . Equation (1) was derived making the assumption that the tested material is elastically homogeneous and isotropic. When used to measure the tissue stiffness of an anisotropic material (such as adult and perhaps fetal bone), the modulus derived from this equation would be a weighted average of the anisotropic elastic constants. 15 Second, a Poisson's ratio of 0.3 was assumed while determining the tissue stiffness. Although this is generally accepted as reasonable it is not unambiguously established. 35 Third, the effects of the dehydration steps and embedding procedure on the mechanical properties have to be taken into consideration. While it is possible that PMMA embedding alters bone matrix properties either because of infiltration or hightemperature curing, it has been shown that this does not affect nanoindentation results. 36 In contrast, the dehydration process has been demonstrated being able to increase tissue stiffness up to 22.6%. 35 It is unknown if the dehydration has a comparable effect on fetal and adult bone. If this should be similar, it would imply that the tissue stiffness of the analyzed samples could be closer to 9-10 GPa. Such would augment the fit of the present results with relationship between mineralization and tissue stiffness presented by Currey. 24 Finally, it is known that boundaries in microCT reconstructions are prone to so-called partial volume effects. Mineralization values of voxels at such boundaries will be underestimated as they only partially represent bone. Similarly, indentations performed close to the boneembedding medium boundary can be unreliable as the embedding medium can be involved. In the present study, indentations near the trabecular edges were avoided as both the degree of mineralization and the nanoindentation results were acquired in the core of trabecular elements. It is, however, difficult to say if the indentations were truly performed in the cores of trabecular elements as only the twodimensional surface is exposed and the three-dimensional shape would only be determined from part of the trabecular element. This would give rise to a spread in degree of mineralization and tissue stiffness values as trabecular elements have an increasing degree of mineralization from the surface to their core. 3 It remains to be investigated how the tissue stiffness is distributed intratrabecularly.
In conclusion, both the mean bone tissue stiffness and the mean degree of mineralization in the cores of relatively thick trabecular elements were quantified and were found to remain unaltered during fetal development. The values obtained for both parameters suggest that woven bone tissue in these regions strongly resembles adult trabecular bone in terms of tissue properties. A strong relationship was found between the tissue stiffness and the degree of mineralization, which differed between the fetal and newborn specimens.
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